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The "extra-nuoloar** propartiee of the mcleua are dlacuaeed and 
the iKportanoa of accurate neaouretamto of thace propertieo in teot- 
ing future nuolear theories io pointed out* The variouo riethoda used 
to Ewaeurc one of thaae propertieo, the mcleor regnotic nonent, are 
deacribed* 

^ A y ^ 

Nuclear ragnotic oonento /^j of Nitrogen , Ohlorina-^', and 
Inditm^^^ were ceasurod by neons of a cagnatlo racomneo opectronotcr 
of the super-ragonorativo type* Inprovenonto of tho nodulation 
methods and of the na«pMtic field honogenoity of the spectronator 
previously orployed are diecuosed. 

The value B obtained for the varloue vrare 

(0./«)56l 1 0.00002)/^j^, 

/<• i(0X57) (0.6057.'^ 1 Q,QCOOite ) and 

(5*509^»5 1 0 . 00015 )^^. 

Tlieoe results are oboerved to ooiapare oatiofoctorily with those 
previously obtained by invecti{^tors at Stanford using onotlier type 
of icagnntio reoonanoe spoctroaeter. ncaulto obtained by those 

115 lirt 

nethoJa in the casoe of In and In ■' are scon not to agree with 
those obtained by the atonio boa’ll, nethod. «.n explann.*ion offered 
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by Foley for thin lack of agraonont io surcarised . 

The renulto are further coriparcd t/ith tliose predicted by the 
3chnidt equations end by using in these oaiao equations the value of 
the angular raocenta of the odd proton for 01^"^ and In^^^ obtained 
fron nuclear shell theory. A discuasion of the relationchipo between 
/^j and the nuclear quadirupola noiaent Q ia also given with the conclu- 
sion being reached that to date no theory has yet been sacceoaiVil in 
establishing any important relationshJ.ps betifsen these two quantities. 
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IHTRCDUOTIOK 



The present statxw of tho theory of tho atomic mclouo lo roughly 
coraparablo to that of tho extra-nuclear aton circa 1912^ by which tiiao 
a mass of opoctroocopic and x-ray data had been asoenbled and a number 
of empirical relationohips eotabliohed, yet a aatiofactory modal of 
the electronic configuration had not been propooed, Howeror, vdthin 
the onouing few decades tJiia \fcalth of data sufficed to produce first 
the Bohr model of the l^drogcn atom and later the Lnndo vector model, 
tho concept of cloccd electronic shells and tho introduction of elec- 
tron and nuclear spina, all of which contributed greatly to tho expla- 
nation in classical or aorl-classical conoopto of a great many of the 
phononona observed involving bound olcotrona* The lator of theoe 
develojHTionto wore more or loco paralleled \rj de Broglie 'o proposal of 
tho t«avc nattirc of natter in I925 and the development of matrix mech- 
anioo and wave mcchanico by Iloioenborg and 3 chroedinger, renpeotivoly, 
within tho folloiTing one or tvjo year a. 

Tho otatuB of tho theory of tho nuoloar atom ia today quite sio- 
ilar to the above oituation. Tho data aoocmblcd by a host of experi- 
nentora in rocont yearn rolativo to nuclear energy ievola liao, partic- 
ularly with the aid of wave occhonlco, enabled physioiata to offer a 
certain number of fairly plausible explonationa of basic nuclear phe- 
nomena. Even so, many other baoic phenomena aro not yet adequately 
explained and no thoojry yet propooed appoaro to hold forth very great 
expectations. One of the now attempts to oystoratiaa tho prediction 
of nuclear propertioo is ths fairly recently proposed theory of clooed 
ohells in nuclei, but this theory as yet hao produced certainly no 
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Kore than a llndted nurabar of satiafactory predictions of nuclear 
proportioa. 

One of the great liandioaps Buffered by the mcleor phyoiciot is 
the difficulty ho enoountoro in trying to obtain accurate data per- 
taining to nucloar energy lovolo* Fairly precioe n»acurorent of alpha 
particle enorgioo is difficult, but really accurate rcaouronent of 
beta particl®, gantaa ray, and neutjron cnorgioa presents oven greater 
problora, wheroas the Eieasvircnont of many of the lower energy phenoc- 
cna is r»w, perhAps, inpooaible. Indeed, in rany casoo the experi- 
t»nter is greatly handicapped by not being able to identify accurately 
the me lido from which phenomena involving radioactivity originate. 

In contrast to this general cloud of less than tcodorato accu- 
racy which surrounds quantitative meaouronento of nucloar phenomena, 
there are certain observable quantities of the mclouo referred to 
frequently as "oxtra-mclear properties" whio}i ai’C capable of being 
measurod with remarkable precision using techniques now available. 
Those ore the properties of nuclear charge, nuclear mso, nuclear 
spin, mcloar magnetic moment and, to a less accurate degree of ncao- 
uromont, the mcloar quadrupolo moment. The mclear charge for those 
elenonts occurring naturally on earth has already been conplotely 
detorrd.ncd in toi’ira of the electronic charge. It nay reasonably be 
expected thAt any satisfactory theory of tho mcleuo rust account 
adequately and accurately for all of thooe oxtra-mcloar properties 
as a first test because of tho superior accuracy of data eanemblcd or 
being aacer.blod relative to these properties. 
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Abs ■5 of melaar »o»a«s ar» now Halted br» 
nooiJToey wHh ^ioh Avc*mlro'o T»»ab®r has b-ssn d#tor Insd* Ifewrvsr, 
rsla*lV9 aass dat3minati''ns mda ^#lth t?vft t:sfcss o ectro~ro.is!i csxy b« 
obtained aceurftto to cne nart in fifteon thousand In the saos of 
ll<^t atosBJ end to ons "iwrt In ton t! esuoand fbr ate we of ^ro^fcsr mao 
miibar* ^ This tac'-wrftcy la aufflclont, to oeaaure snss c-*ftrv os In all 



1» Balliday, D* Xrtr^d’totnr^ h»rol03 » K«« Torit dolxi Wilsy 

Oons, I550t ?• 258* 



bat vory lev enerj^y rawlsar rmctlone Involvlnr ealoolon of gr.»5a rayo* 
Sy tl.s use oC 31nstola*£j f^omila for %t& oiuivalonso of rieos end onar-y 
one con from rotse opssctrc’rTtt.'hlo <kita obtain the cnerslos iswolved in 
a jiproat nuadwr of mol-^ar react ions, 

(b) 'nin 

Iteolssr Boin ms f’rat Tropooed l(y Veull In to erjlcdn 

byporfino strjoturen (aacl«dint laotoplo offcct) by an'mtdnr that the 

ruoleus poeMaasd a nafenetlo aoc«ni u«^ah pertarbt<d the «9t5.on of tiio 

2 

orbital electrons. Hot until l»ow«Ter, %rf;en Oxade dLt end 



2. Uull. «. -ntiiTuls o 12, (IC*2^*). 



Uhlenbasl '•eye sdeouat^ •■plonatlon of tVs •v*n3ibi11*:l-^s 'sf ocoour.t- 
inr, for flm sbruebare in sVxi&e Bp«o<-r«. by aeatmin^ to ttie eleotron 
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Iniwycnt of l«oor« ovldmit. t r*Ks rt'r »i.in 

Right Irticol eic’lRln oeptaln y’H»rf*ne otruc*> *mo, Usinr c^noept 
®f •mc« g.ii»f»li*eition of th® mc’oeor orin vootor U>cpV^T *ltl th® 
v*otor “»d«l of Uio ontre-o!iolcar oncj could ecccrtoln ‘hut tV* 
lnho«mt ■•ftrt of tl>o mcloap cngulRr PomntzJE rd’ht bo dot-'n Jjnod 
marely fro® t4ho number of hyporn.no co’^pcncmtc In ft o’-ectral lino. 

Thlft Inhopent or B--ln c iguler ronen^im of tlie mclouc ic given ty 
X ^ • t#-cro 1 to called •mclcer din" em3 hno ccro, in- 
tegral or hftlf-lntarral ▼altao«. for a given moleua in tivs ground 
Dtatc I iJio a fined value «• 

An:>thcr rathjod of deter~inlr..n: rn-cloor eriua is af'’nriUd Ijr ot— 
oervinc the oottoo.1 oocetra of dlrto.nio colcculec C'^ntnining Idontl- 
oftl nuclei, for in e .ch o^’<c'*ra f ere io on alternation f int'T.olty 
In the btJnJ opoctro in the ratio of (I+l)/(l)* T!zxc t?jc roavjroricnt 
of relative Lnfecnelty of e*teroatc llnea in bond ooec^m ■>* erto-n 
dtatorlo roloculco can be uacd to detor -ina oaclofir o ^'ln. 

The Invcotl'ivtlon cf naolsar orlne liflo rcv-alfd that a. Ino of ^<0 
ela-entar/ nuolcnr ’v^rticlos, T«utr''n3 eni rr'tona, in t''’ ground 
state '’eve •''in a-'-mlar dno’^Ur:' valu a of the 



•'ll® lo^gtha cf tho r’iolcar a In end U.« «. otr''nic '■''in •rr-ulor 
vo»-3ntan /cotora arc 'hewn ty th'’ t.'cvo ► c' -dice t - ' ”"/o * c «-nS fades 
•'jl(I*l) on! *'f 8(o*l), ro3 acttvoly. In unite of ’owevr, tl'iC 

mxirun vrlues they Tiy "fleo"S In ary O'-oifisJ dlr-'Otlon, 

sccy, t'»t deter'-ir d by an ogr*stio fl*-d, ere I end s. 
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«ull •xelu'Jlon prinol- le 11**« In t»»c onoo of individual 

•Ic «■ tarj' iol*e of a nuc' tros a# well ^-o f->r bound •‘ti'csle 

eico rona* It twia aloo bo«n ^iatcrrirwd w-:»lrioally tl>t a »4C-otio 
wlt^ an evan nwcbei* of nuoiaon-' will ’••va ti ♦ valuta I » > 1, f.***», 
%<! j>re&* ono with j 4U ^^aa rairbex* will 1>»V9 I • l/2> '»/^p 5/<}, •••, 

In so far aa r^-aont day oboorrationa hav^ r*vo»J^ It alao be 
oald that miclal i 'yinc an niiabor of both “r^torsa ani nmtrono 
Ixivc, at loasrt In tl>elp fTound atatao, .airo roaiiltant arip alar nonenta 
end aero nuoleer '^VTVjtio t*acnt. * 

(o) fbiole^w ^fficrvatlc rioiaent 



Accord ir^ to olaoalcsal olcotrora^potio t'aor7 the 'fisnctio 
tsonsr.t of a «plnrd.nff; qJa»r:^ cloud wit^ na»e a and obTr^a c unlfnrrly 
diotrltratad rou«fx5ut Ito ©o o»<m;ld be la the 

asnct-la? nowantum du« to o’ln. rislo olaaolo-l f aory la not b-»rr» out 

£ 

experlr»nt, which r'vaale a ©eji-vetlo nocont of value A £br 

^2/e*aC* 

tho electron due to its o.'ln* / ich lo ju«t twice • cla- oioal ,'rc- 
diction. ‘The 2 In ^.ie Inot c’.rofjaion la called tlxa f-ffeotor, ?l,ia 
o -rceolon €or tha ha^oatio o«wnt of the aplneln- el c'pon cen be 
^nve le .tly a?;rrc3c-d &» 






In id^.lch . call“d t. o I5o*xr m^roton, hm tl ® value 



>^5 = 



- 

y.77/wC-» 



and a, t>io Gt>In ••nxlar ''owitur o" f ' • sl^ctr *n, !?«» to vr-lu:; ' 
eic''r«ooad In unlto of (^)* *-o •■' Ic-i offer* - n ado'nja’ * ov[la- 

natlon of *SiS)«>tle of eta a ‘•ci’itf-i wltl tl^ ■ rblt 1 *"rulvp -»cd»’tr 
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of Tsu* erplsmt^n of tho v»*lua o. • rv-td f'r tJ e t»c~ 

notlc ‘/nrjnt of ty« <p4nnln' e'ootron ie •splala'^d oi prsoca- ixily 
by DireMj’o rei%^lTl»tlc mb.v« rase arJLc», arvi thi* esplcu^tion r»w op- 



5* Ku9oh, r,, and oXoy, H,J’. hyo . 72 # 152<5 (1I>^7)* 

4, !^sb, P,h,f enl fWthorford# A.O* ^<ya » "Wo 72, 24i (1 Jj47)* 



Qy analogy with that of tJ-ie electron it rdtht appear that tl« 



tJhera ” im the laaoe of the rrtt^ tlje opln anjjilar nor^ntu , 

If thlc predlotioft iwra correct tbi« proton would have a ragnc^ic 
nooeat rou»hly om twD->thouoan4th that ef the eiactrOJW flinoc both 



ogy ic not borne out by eKperimeat, it le nevertleleee cor.venlcnt to 
rraasure isjolear regnetlc roaanto In unite of 



The unit yu^ ie coll-d the nuclear ne^^rjcton# Since nucleor •aa'petio 
nomnte differ only in raefjattude and ioeolbly elcn frc«) the 
Kiwan in ^ ^ ^ 

' Jmc ‘ f^X ~ 1 

It Ic connon practice to Introiuce a nuo’car c-fRot'^r def'n d ly tJ» 
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twr> dir*'orsnt tysoa : f mslcl# 

It is to oT>n3i'.Icr Ifs* or--ctic -oaant or th- 

th« ooi 'cental tuo leu's* ?' io Vi'S first c*n«li«r th« Indivld- 

urI ’■laj^tlc a5rK;r-to of ito oonotS+uents, routron arjd the proton, 
"."pcrl’^'nt 'as revaalod t!-^*t t!« n^oa»nt of the r^r-ton ia 

3iix:o V!'f sola of the pr-ston Is one ~b» 

5* i'-rarner, !U, ?h.'Krn, fJ.A* erdi Hippie, J*A* 11212 • JIfv* fC, 4v7 
( 1950 ). 



tains t!ie valuo ^,^&y^6far its rswlasr c-lbtctor. The neutron, an 
uf'.ohsrc'd partiols by claosios.! Uioory e pectsd to la-ys ooro 
notio ~or«nt, nceerttMsieos boo boen obeenreti to havs a opin 
rjstiffi scnont“ of (-1.9128G i O.OOCX^) Ito c-factor la tixuj soon 

dj, ac', J.". noyo . . od , Jr-n, 22, 6*^ (195'3). 



to be (-) 5 *C 25 <^* la Uo <lrateron U*o p?oj ctol crln vcctorn of t!-w 
proton end the neutron are 'rails I and ^ yaius of unity for 
nuolosir o in. TIjuo or» i'^ht oippoas th*t th« rr’"»nt cf tho 

dsuter n tf>uid be £;ircn by ths al-,sbraiic sun of U*»i s of tlw 

tw3 sle «ntary pertlcleo, sfdch *rfOUid b« 

^/u. (P')i-^(^') -o. S7ff8A^^ ■ 

IJovovcr, fives a j<»t’ tic '-r-rTent"^ of 0*^jT)?f*^Cor tl» 



7. alohli, II*( . ii ?ablo of .Viol > or p"*mt -Vtn ( . n lit-lrary I sous ) • 
lT>^f p. 15. 
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deuteron, a dlfferonoe of 0,02250^, which icay bo conaiderod preciaa 
to 0 .^« Thua th« laat aqiiation la not truo. Theoretloal explanations 
for this differeno* have boen offered l«t the problem can by no naans 
be oonaidered coTapletely solved. Kor has any acceptable theoretical 
juetifioatlon yet been propoeod for the values obtained by experiment 
for the mgnetlc moments of the proton and the neutron nor for any 
compound nucletis when ite spin is other than aero. For moot nuclei 
with higher naea numbers and non-zero spin it ia usually impossible to 
predict even approxlraately the magnitudes of their cagnotio nomcnts. 
Present techniques for tjeasuring relative ragnatio momenta of 
nuclei coEtrqnly give on accuracy of five or six significant figures. 
This accuracy of measurement ia rivaled only by those mode with tlvs 
mss spectrograph, so it is hoped that nuclear laagnetio moment deter- 
minations may in the future prove to be of ao great or greater value 
in the formlation of nuclear theory ae relative macs determinations 
have bean in giving to ua our present knowledge of nuclear forces, 

(d) Isuoloor Quadrupolo Moment 

The nuclear quadrupolo moment ie a measure of the extent by 
which the charge of a nuoleue varies from apharical syratietry. The 
axprosoion for the quadripole momant cay be obtaijwd briefly in the 

p 

following manner. 



8 , Ilalliday, D. Introductory ISuoloar Physios , Kow Yorks John Wiley 
&, OonSf 19 ^ 0 » PP« 59-65 , 
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If & point in spaca is ohoson at an origin and from thoro a 
atral^t lino io drawn a« a raforonco axlo, the exprsaolon for the 
scalar potential at points along the eocis duo to a finite nurcbor of 
diacrata point chargsa near the origin can bo obtained ao a function 
of R, the distanoe on the axis from the origin. Thlo scalar potential 
^ con always be axprooaed by means of the oerlea 



in tdiioh is the ooinponent of the electrical mltipole nonant of 



In the abovo sories the quadrupolo torn ia thoroforo seen to bo ropre- 



In nuclei tVie discrete charges are protons, and the nuclear 
center of mso and tlw axis of nuclear apin aro taken as the origin 
and the reference axle, roopoctivoly. 

If the discrete syston of clmrgea is changed to a continuous 
charge distribution of uniform density S ifith center of charge soco- 
whoro noar the origin, ono obtains as the expression for tho scalar 
potential tho eerie a 






In this equation "a” is the radial distance of the voluras olcnent, 
dv, from tho center of the charge distribution, and z is the corrix>- 
nent along the apin axis of the radius vector fron tho origin to the 
volume eleiaent. The tnagnitudes of the various order mltipole terns 
give indioationo of tho distribution of charge about the particular 
origin and axis of reference. 
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order for tho particular configuration, origin and direction. 
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"1-e diiwlo terra will alwiya be 3oi*o for any o]’*ai*so distribution 
posoooain^ mirror aynrntry about a plnno porpcndictilor to tlio a;:in and 
paooins tj.'rou^h tha origiii. Tha dipole toria io soro for all nuclei. 

Tuclei \dth 3Cx*o spin hax'c ixo preforred a;dL3, ao the ohax'^s dia- 
tributlon is arfaotivaly nyTx-strlc with the result that such rruelel 
do not pesaoes quodrupols KCixsata, ’.'aye mcclrvnioa can bo uoed to 
prove t}xat the quadrupolo moreent is scro aloo when the nuclear opin 
haa the value one-ia.lf,^ licnoo no nuclaua \fith spin Icao than unity 



Dlatt, and h’oiaahopf, 7.?. Thoorotloal lucloar ri.yaics . 

New Yorhs John Wiley i 3ooa, 1952, pp* 25-5C. 



can poeaoca-'a quadrupolo reonsnt other tlxan soro* For cthor nuclei, 
a potential function with a nooativo quadrupolo tern indicates tin 
oblate epliaroidal distribution of chori;;c about the ar-da of spin, \d.creas 
a potential function with poaitivo quadmpole tern, indicates a prolate 
epheroidal diotriUition. 

In nuclear thoory tho quadrupolo conpenont ic defined as 

Exporirantal dctorrlnatlons of Q give vnluoa'^'' ranging froia Q, » J,0 x 
10"^^ cn^ for to (-)1,2 x ci^ for 

10, lock, J.S, Novo . 1 -od . Plyo . 22, 6^ (195®)* 



It hae not yet been possible to dcconotrato experiircntally any 
concluoive evidence of octupole or higher order electric ooents iii 



nuclei 
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}-F.TiiOB3 OF MiA'3Unii:iG VAOmflQ KOiGl.TS 



(a) Hyporfino Stxnicture 

ApproxioRtc values of nuclear r»gn«tlo nKarncnta may be determined 

fron hyperflno etruoture in atorlo apoctr*. by uoinc a taethod developed 
11 

by Goudswit. ‘jince this csathod involvoa certain appro ximtiona and 



11. Ooudarait, 3. Phya . Rev . ^ 656 (15^5). 



801 EQ correction factora which are theicaalves inaccurately known, it 
la perhaps the least accurate nethod for thia purpose. The mthod 
romina of value even today, however, for not all nuclear mgnetic 
raoraente liave yet been detoroined by mre preoiso Eotl-jods. Ouch is 
the case with the Isotopes of silver, .for which the only values 00 far 
obtained are those calculated fron hype rfine structure data. 

The hyperfine splitting of on energy level with total electronic 
angular nomentuia is given by 






in which I is the Jiuclsar angular o-^entusi In unite of (h/ 2 /T^ 
f le the resultant of I and J, and the ooaine ie a ''quantun* cosine. 
The proportionality factor A is equal to the distance between two 
adjacent hyperfine levels divided by the largest of their ? values 
and is given a positive sign w!-.cn the larger ? value belongs to the 
higher energy. A is proportional to the nuclear g-l'octor. 

Tor a oinglo non-ponctrating electron it io customry to »n*itc 
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Infltaad of A end the followlnr rolationa ip holdo. 



CL: 






(Wr-L 



-/ 



for a *in~lc outer electron in e p'smtratir." rllt, th« ^xprec- 
olon for ''e" boco-^-a 



a, = 






. j£. 






-*/ 



•^O 

In t^lch /rj^ ia th* princl*'nl quantuA nacC^er, in the cffcctlr* 
nuoleer c>er~e \d.cn the elcc.rcn is outoido the core olaotrons, (xnd 

the everace effective mclcar c\.a^rzc vhen tl.o electron hao i>ene- 
trated t:»« core. 

ihe ordinary apin cloublcto for non-a electrona are obtained Cron 
the fbrr.«la 



Ax;= 






Cyyy\^ 






I (A-t! ) 

which, aorablnod with the revioua equation "ivoa 

.JJhiL . - 

^ JS '39 

After a? lyirv:: certain rela Ivity cor^cctlona ebcun to bo r<‘3C3-ary by 
Brelt^^ anti by Racedi^^ and a.-jlvinj for ^ , one obtaina for e-olectrona 

M » ■ I eeAme ■ 



12. Droit, 0. ’-hyn . lev. 455 (1951). 

15 , lacoh, 0. ..eitn . F, 'l-volt- ?1, ^51 (1951), 
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foT non-a electron*, the result io 
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is tho relativity correction by tfhich the equation for the 
hyperfino otructuro cuot be laultiplied, and is a sisdlor 

correction for tho mltiplet separation. They are detsriained by the 
fornulas 

^ * [xi (^^S] j[j^ “ 0*f 

In nany-oloctron spectra the, same electron may be responsible 
for part or all of the interaction which produces the hyperfine split- 
ting of several different levels. If ”a" is calculated for this elec- 
tron from the various hyperfine structures and these values turn out 
to bo consistent with each other, this agreement of values for "a" 
ie not necessarily sufficient to vrarrant the assimption that tho 
approxitaation made in the various formulas above are valid. Only if 
tho values of calculated from different electrons of the same 
atom agree should one assume that the approximations involved are 
admissible. 



(b) Molecular Beams 



In the molecular bean method as developed by Rabi and his co- 
workers^^ at Columbia University for measuring nuclear magnetic moments, 



l4, Rabi. I. I., Millman, 3., Kusch, P., and 2acharias, J.R. 
Phys . Rev . 55. 526 ( 19 ^ 9 ) • 



a well oolllmated beam of neutral molecules is passed through tho fields 
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of tiLCMto. A. 0 anJ B, in a hlehly ««nial«d sjMs or, o!<«n In 

fifjirc 1* T^*o oouroo of tho cjoleculeo lo a arA.lX ovon 0 tfi’ioh con- 
tains the appropriate sabotanco and fron wMoh koIocuIob vrith a rcodi- 
lled Maxwellian speed diotribation escape throush a nirall slit. 

These cocapin^ noleculco ore collimtad by additional slito oo that 
all isoloculoo entering tlw field of mgnst A do oo within a vary 
amll angle to a line parallel to the Isngth of tho polo faoco, A 
further defining slit 3 is located bot^focn mgnets A and 0. At a 
omll distance past tlio exit from nognet B on tlie axis defined by 
the colllmting silts is a detector for coacuring the intenoity of 
tho Eiolocular beoD. 

Tho field of mgnet A is of the order of 12,000 gauss and is 
vory inhonogoneoun (approximately 10^ gouss/cm.), tho magnet field 
II and the field grauiicnt (dH/ds) in this magnet being in opposite 
directions, fagnot B is similar to A except that it io arranged to 
produce a field II in the qiiko direction; as, but has its gradient oppo- 
site in direction to that of A, Kagnct 0, wliich is between A and B, 
produces a uniform field in tho came direction as those of cagnata 
A and B, A hairpin loop to which can be appliod a very vfcak oscil- 
lating raiiio-frcqucncy field at right angles to the cagnetic field 
io installed botvraen the pole faces of magnet 0. 

In mo locular beam experiments one employs moloouloo in a ^ 
state in tfhich the resultant eloctronio angular coiaontum is zero to 
the first order. It has been calculated that the interactions totv/oen 
the nuclear magnetic moments in a nolccula in a state and between 
thcoo and the magnetic momant associated vfith molecular rotation involve 
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ea^n-jtic Tifllda of th* •'rdar of 100 nauao or '."X-' 

ca^notlc fieldn of oevoral ‘hctisand vill d«cou;>lo the nicloar 

Bplna fror. «vch other and also fron thja aol cular rotation to the 
e::tcnt that the nuclear s-^lna ray be regarded aa froo* 

A nuoleuo of opin I T^icn in a ragnetlc field ray aoourM ono 
of only fl ♦■I different directions with roopoct to t!ic direction of 
the rja^tnotlc field.* In an iniiomf^enooua rogiictlc field of t‘;3 type 



•Sonvs of the beaio concepts introduced briefly hero will bo 
treated in considerable detail in the next section* 

shown for rarnetn A and R o rujclous with *c;yietift nonent cxpcricneeo 

cLH 

A resultant force > wi-.orc is th« conoonsnt of ^ in the 

dircotion of the field r* 

Oonslder now a reoloculo td'slch has entered the field of naryiot 
A with just the proper velocity, spin orientation and deviation fron 
tho dotted azl8 ohoim In Flrjuro 1 to bo doflcctsd so as to pass 
throu^i cllt 3 into ths horo-enesun field of : a*nct 3* If the nuoloar 
spin underj^oa no oliar'^e in epatial qusnti;yition utsilo tV.c sOleculo 
la paasln," through the field of C, tho arrm/^c ent la ouch that t)w 
molecule will be deflected bach tomrd the a’^ts junt ojtf '’Iciertly to 
l-^lnj^e uoon t1 e detector 1) after a ermine from t’ o field of the 
third a ’net. 

After opera*lnq conditlono Iicve been properly adjusted and the 
bear of molecules l~r'ln'-a8 on. tho dotoctsr D, a i^io IVoquancy 
socillatlon la ap.Iied to the hairpin loon In the field of ‘'cnot C* 

\C> 








IIHIUM ^mm 
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How, tho anorgy difference aE betvmen adjacent levels resulting 
from the nuclear spin axis changing its projection in the direction 
of the magnetic field by 



It therefore appears plausible that tho proper application of a 
radio-frequency field of frequency given by night produce 

tiranaitiona between adjacent levels* Indeed, transitions Involving 
reorientation of the nuclear spin vector with respect to the magnetic 
field involving either eciaslon or absorption are induced when the 
frequency of the r-f oacillatloriS applied to the hairpin loop hao 
the resonance value 



V.- h 



■L 



Thus when the proper field strength H exists for the r-f osoillationa 
to bo of the freauonoy required for resonance, transitions involving 
reorientation of tho direction of nuclear spin axeo will occur. Tole- 
culeo whoso nuclei undergo ouch reorientation of spin axio while 
passing through tho field of ragnat C will no longer be deflected by 
cagnet B eo as to impinge upon tho detector but ^d.11 be deflected so 
aa to miss it as oViown by the dotted trajectories in Figure 1, Thais, 
when the resonance condition is realised there is a decided decrease 
in detector "current". The nuclear g-factor of tho isotope being 
studied may then bo obtained from the relations 

A E ^ z ^ ^ EIj a. 

a - -A 
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Fron tl.o above relations it will be noted tbat t' e freruor.oy of 
radiation required to produce traneitione in tbo field of 0 lo inde- 
pendent of the “artiovilar orientation of the nuclear opin anis* For 
noot nuolldoa the roeonanoe frequency ia of the order of ocveral 
cj^cyolea per oeoond for fields of ao"-* 2, COO to if, OCX) ^axioa* 

X 

The Ilabl ethod waa tho firat to give valuca of nuclear 
netic corcer.ta to four aignlficant firpjres. The li»-Atation unon 
accuracy in this vothod is the roquirenant that the strength of the 
r»n^etic field b» determined. Other dloadvcur'.ta,'“'’s of tho nolocular 
besa nethod arc tho roquirerente for a high vocuur t!>roxir:hout the 
magnet systea oik! for a fairly hl{^ t^aferaturo in the oven. But it 
aleo haa certain advai'.tagss, arsong th«a being Uis fact that very 
nlnute quantitioo of on Isotopo are required for “eeumrc 'enta. 

This method lias largely been replaced by ths •acre accurate 
nucioar rcoononoo spoctromotervO, but Ito uaafulnesa hao by no oona 
dlnappeerod. 



(c) Uorlc on lAquido and Oolldo 

The next olgnificent advance in the technique of . oanurlng 
nuclear tiagnotlc Eoranta caac in when rurcell. Pound and Torrey 
at raj’vard**’'^ and Bloch, Kanoon and Pao.'card at Stanford slt-ultcne- 



15 * rurcell, f Torroy, lf,0,, and oand, H,’/. ’hvo , lov , 69, 
57 (19^5). 

16, Bloch, P., F'ancen, W.W,, and i'ao-ard, artin, hya . Bev , 

127 (IP^). 
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cmsly and independently developed new resononoe techniqueo roqulrlng 
«quii>T.ient appreciably Doro einpl® than that uoed in irolecular beaia 
r.athodg, A distinct advantage ef thasa new nethods Iloo In the fact 
tViat it frequently ie unnecessary to alter the phyoical or oherlcal 
foni of the oonplc, thus avoiding laany of the experinental difficul- 
ties of the molecular bea« methcd. In addition to their use in 
nuclear studios these new i-etlx)do provide a neano for investigating 
the establishmont of the thenrel equilibrium essential to magnetic 
Dsthoda for attaining very low taeporaturos and for obtaining infor- 
mtion concorning crystal structure, phase transitions in solids, 
and hindered intomal notions in solid e. 

The basic aoml-olaosioal concept which moot readily describea 
the essential phenomena involved in resonance oxparinento will now 
be dlsouBoed in detail, 

Ao previously noted, the nuclear magnetic laoracnt nay be 
expressed as 



assume in the direction of an applied external magnetic field is 



where l!j •» I, I-l, 1-2, -I+l, -I. 

If a magnet of dipole nonent ie placed in a cagnetlo field 






The pornltted values of ^^,ths projected nagnltuda wpon the 

direction of the field, ore 
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there is a torque _L exerted on the dipole given by the expreaaion^^ 



17» I'alza, G.C. Am « Jour. Phys « IS. 4^6 (1950)« 



Since the rate of change ctf.*angalar Komentum, ^ , of a oyateta is 
equal to the applied torque, there reoults 



or 



dA: H. 

At 



Tho vector expression for the nuclear ssagnotic conont is 
so for a nuclear dipole in a Kagnotic field one ray write 

^ -f ’ 



. _3 ^ , 

inr' A'l'- 



From olas'iical nx;chanico wo also have the vector relationship 



4?" 

BO it my bo concluded that if a nucleus of icagnetic moment vector 

placed in a mgnatic field, tho oagnotic moment 
vector of tha nucleus will precess about the direction of H with 
the angular frequency 

CO a ~ ^ ^ ^ , 

This froquoncy of preccocion is called tho larror preoossion 
frotmencY . From the lact equation it is noted tliat io not depen- 
dent on tho angle between yUj^eged II. 
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fha potential energy U of ft iragnetlo dipole /ti- in a field H 
is TU ~ where S io ths anglo between /u. and n. 

This expression gives a naxitaun for U of when /tfe and H 

are antiparallel. fJince tho nuclear angular Bomontuni vector ray 
assuao 21+1 orientations with respect to I|, with Mj « I, I-l, ,,,, 
-I+l, -I, there will bo in all 21 energy levels due to nuclear spin 
orientations, each differing in energy ty 
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The oelection ruler for transitions between the 21+1 possible 

orientations of tho magnetic ranent vector is 

a - ± I . 

This requires that the nucleus emit or absorb 
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in event of change of orientation of spin vector. The frequency 
obtained from this expression is seen to be 



But 



or 
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Using one obtains 






which is the absolute value previously found for the Larmor angular 
precoseion frequency. In other vnirds, an oscillating electroragnetic 



field of frequency 
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applied to a nucleut in tha ortarml Esagnetio field H oight be 
capable ef inducing trannitions betveen adjacent mclear opin orien- 
tation state#. In the following four sections there will bo dio- 
cu#eed the four Dost recent nethods developed fof applying tha above 
principle. 

All of the four nethods depend upon the rarwell-Boltsnann rela- 
tion that, in any system in therral oquilibriun, the ratio of tha 
populations of Staten with different energies, say Sj and 5^, is 

_ e 



If this relation is applied to tha ease of protons in a magnetic 
field H, tho ratio of the populations of the two proton states 
and Mj is coon to be 

'■ e 

in which f - f, j hi . 

For temperaturo T - and magnetic field strengths available 

in laboratories is snail, oo the last equation ray be written 









— = 



M-iJ 






I -lA 

For a field of 10,000 gauss, gj «= 5»5S for protons, and ItT « 4x10 
erg the last expression gives 

±2 £ /y- 7X!o~^. 

This indicates that for each nlllion protons in the higher energy 
state there are one cillion and seven protons in tlia ntata 
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with low«r onorgy. Clearly this relatlonohlp my be extended to 
nuclei with spin I poaaibly other than The rooulte of the abovo 
example will be referred to in soma of the forthconing discuaaions. 

Another inportant factor in the nothods to be disouesed is the 
spin -lattice relaxation tiino for the nucleus of interest in a 

given liquid or solid* ThenaodynaiBlcally, a relaxation process in 
the case of nuclei is any laethod of cnor^ exchange between the sya- 
ten of nuclear spina and the lattice. Thus if a aai?ple is placed 
suddenly into a ragnetlo field it is inportant lltoT ' the experinentor 
to know how long a period of tine on the average will olapae before 
the cquilibriun mmber of nuclei will bo found in the upper and lower 
energy etateo. Tj^ ic cnployed as a measure of this tine and is 
defined as the length of tiiao required for all except the fraction 
(l/o) of the equilibrium excess number of nuclei to reach the lower 
energy state. Relaxation machanisns in fluids have been investigated 
by Purcell and his group^® at Harvard who have determined that 



18. Blooabergen, H., Purcell, B.K., and Poxind, R.V. Phys . Rev . 75, 
679 (19^S). 



Brovmian notions at the lArraor frequency aro responsible for the 
prooosaeo. In liquids ordinarily decreases with increase of 
viscosity. In soca cases, however, deoreases %fith increasing 
vlsooslty until a nininim value io reached and after that it increases 
with increase in viscosity* 
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The addition of paramgnetic ions to a sample frequintly will 
give a marked decrease in by increasing the local perturbing 
effects upon nuclei of the sample. 

(l) I'.sthod of Purcell and Pound 

TO 

In the c»thod developed by Purcell, Pound, and Torrey, 
nuclear absorption imbalances an r-f bridge, giving rioe to a oignal 
in a receiver uead as a detector. The concitlvity of this SMthod is 
very good, being as high perhaps as any of the other throe methods 
discussed in thio section. Purcell has deocnotratod tlnat nuclear 
rooonance with this method can be observed in a sample containing 
only 10^^ atoms. 

In this method a oighQ^l generator is employed as the r-f 
signal source for the bridge. An essential feature of the bridge is 
the reduction effected in the relative rsagnitudo of output fluctua- 
tions srioing from amplitude fluctuations in the signal supplied by 
the r-f signal generator. Tliis io done by obtaining a voltage node 
in the bridge output to the amplifier when the bridge in placed in 
balance with the system not adjusted for nuclear resonance. One 
r>etl;od to effect this voltage node hao been to place an extra half- 
wavo-longth of cable in one am of the bridge. Another important 
feature of this irethod is the reduction in the r-f level at the input 
to the amplifier to permit considerable r-f amplification before 
detection. 

One arm of the bridge contains a tuned circuit having in the 
gap bctvreen the pole faces of an electric mgnet a coil into which a 
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aanple to be atudiod can be inserted. In the other aria of tlie bridge 
ia a dumry circuit einilar in all rsapeots to the other but not having 
its coil located in the magnetic field, Nuclear resonance absorption 
in the sanpla cauaea a change in the balance of the r~f bridge which 
is detected by neano of the receiver. When liquido of high dielectric 
conetonto are being studied a diuary eajnple is ooicotiKCC placed in the 
dustry coil to b&lonce os nearly ao possible the appreciable change in 
stray capacitance resulting fron the soitplo being placed in the coil 
of the other ana. 

The strong oagnetic field is modulated sinusoidally at JO 
cycles per second by auxiliary coils mounted on the pole pieces. 

This modulation ia parallel to the main field with peal: strength 
never more tlian IJ gauss. Near resonance the loi; frequency nxidvila- 
tion of the laagnetic field causes the Larmor frequency of nuclear 
precession to vary in and out of resonance with ths result tlmt reso- 
nance absorption occurs in the arm of the bridge containing the 
sacplo and the bridge is thiTown out of balance. The signal so 
produced is amplified and suitably detected. 

An improvement in the above technique has been the elimination 
of the half-wave -length cable, which is several rioters long and ia 
frequently the cause for conaidorabls troublesome instability. 

With properly adjusted equipment operating under suitable con- 
ditions the sensitivity of this method depends on the v;idth of the 
observed resononco. The natural width of the resonance signal 
depends on the substance used and in some liquido is less than a 
thousandth of a gause. This may cauao the homogeneity of the mag- 
netic field to be a limiting factor in the oonaitivity. 
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Tiio r-f Irids® nuclaar reoorancc a. ectrorsctor la well ouit^ 

Tor the obacrvQlion of chapeo vldtho of eboorption llnro in wri- 
ous auhatnnoia. Pour ouch raaonanca ftbserption lirv-a for rotor.3 in 
dlfiorant oubotanc*a which v/ere obtained by lurooll uoinf^ the bridge 
Dothod era ch~vn in fl-uro 2*^^ The lino displayed in Figure 2(ai) 



19. P’Jroell, 5,!'. Ooionce 107. ^55 



was obtained fror. protons in water. ?lii3 abnorption ocoumd within 
an latarval of only 0.2 in a field of 6 , 9^0 jtiucs. Other esub- 

stances containing protons display an absorption lino &t 'he aas* 
field atrc3igth i? tJ\o radio freauoncy is the «ano, bat tho lino width 
varlco £roatly with different erabotancea. The proton resonance 1« 
lee, shown in fijaro 2(b), is actually 2C to ^ tiaos as wide as the 
11ns obtained in water. In other crystals the variation in line 
wldUi Is oven sore Btrilcln^ and a pronounced diff- ranee In line 
ohApes is obaervod as on* wiy notice by conrarlnj^ tiie various 
absorption linao shown in this fisure. 

Tho variation* In line widtlvs and line shapes flnl no explana- 
tion fron naele»»r oroporties but arc esioolated with the perturbing 
rsagnetlo fiald* t<MsS have t-.eir origin* in the icr*diatc surround- 
ings of a given hydrogen aton and depend on both the location end 
cotloa of its I’Ticllatc n-jiglibora. It perhap* ooct*a Btrv'.*e, but 
tlia sharpest rwSonv-ncs lines are obtained froa llsuids, uhoes nole- 
culas oonoarad to thos* of oolids aro In a greater state of randon 
notion, rhic randon thsr-al notion of the nolesul-s occurs at a 
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frequency higher than that of the proton's nuclear preceoalon* It 

has been alu»\m otatiatioally that the very rapidity of thio thoimsLl 

ootlon greatly reduces the perturbing effect from neighboring atoino, 

so that local perturbing effects on the applied cagrietlo field are 

13 

touch less than In the case of solid substances* 

In the case of a single costal sf gypoun referred* tb 'in..-* 
Figure 2(d), protons In different parts of the rsoleculs have differ- 
ent, Dore nearly constant local perturbing fields which roughly are 
the sario on corresponding protons In different nalcoules. This 
results in a broad line with four roeonanco pealcs corresponding to 
four different valuos of field strength observed. 

In the case of powdered fypsura a greater degree of randoicmss 
of orientation of rnolocules itlthin the as.*npl6 occurs. The statis- 
tical effect of this (inperfeot) randomess is to cause the absorp- 
tion curve to exhibit nov; t\«> peaks and to contract sonsowhat in 
width, 08 shown in Figure 2(c), 

In ice each proton is surrounded by several equally near 
ragnetio neighbors. Also, a certain amount of local ration persists 
in ice well below the freesing point. This conbination of more or 
less equidistant spacing of mgnetio neighbors and of local molecular 
motion causes a further contraction of line width and a line of only 
one pea]:; however, thio line is much lower and broader than tlvxt of 
px*otona in a water sample. 

The data obtained from nuclear resonance absorption studies 

such as the above havs yielded ootss information of the solid state 

not previously obtainable by other notliodo. For oxtxnple, with ths 

aid of certain advonced theory using data obtained by thcea nethods 
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it has been possible to detomins not only the dirootions of the H-Il 

lines with roopact to the axes of the gypsun crystal, but also, with 

a precision of about 1 per cent, the dlotanoc botvocn the tvro protons 

19 

in the HDK lacleculo. X-ray analysis does not yield this infoma- 
tion* 

(2) l-!ethod of Bloch 

In the Bloch method for detection of nuclear nagnetic resonance 
there is oaployod a nuclear induction transforoer in which the astab- 
lishnant of nuclear raoonancs oauoea a change in coupling bot\feen the 
prinary and socondary of the tranaforiaer and thus a change in the 
output voltage. This csthod of nuclear induction is based on the 
following principle. 



20. Bloch, P. Phyo . Rev . JO, 460 (19^6). 

21, Halliday, D, Introductory Kuclear Phc/cios . New York: John Wiley 

& Oons, 1950* PP» 



If a oasple of mtor or paraffin, oay, is placed in a strong 
nagnetic field Hq there will be a snail resultant ragnstic noiaent 
duo to the nuclear njonente of the protons. The gross external effect 
results entirely from those few protons, about 7 in each 2,000,000 
at a field strength of 10,000 gauas, that represent the difference 
in population between the tv;o states available to the proton. If 
the strong nagnetic field Hq is in the s-direction and a :/eak r-f 
osoillating field of angular frequency <*J ia applied at right angles 
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to in the dlreotion of the x-axia with Instantaneous magnitude 
given by ^ 

Mv = H 

then the combined fields and will produce niagnatlc poleiriza- 
tion in the sample* This polarization ray bo represented by the 
vector JH, the ragnetio moment per unit volume. Bloch has shown 
with the aid of certain alrapllfying aasumptiona that for a fixed 
Hg eind a fixed uJ, (1) the magnitude of M is constant, (2) K rotates 
about Hq at the angular rate and (5) M rakes a fixed angle & with 
the Hq axis. The three componsnto of M are 

A/) =, /VI B ^ ^ , 

^ y 

yyj _ /V\ ^ ^ 

[v\ - M. 



whore (Ml » M and the angle & le given by the relation 









Hor being the value of ?Iq at nuclear resonance. If Hq>/>Hqj., since 
H la not large, & will also be fairly email* Under the condition 
of nuclear magnetic resonance, however, Nq ■ and & becomes 9C°* 
Consequently at rsscnance the components of M become 

= /V7 
/H = /VI 

Q 

from the last equation it is seen that 1^2 ■ Meos d, which la the 
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tine liuicpendent part of M, vanlahee at reaoncnoe. 31noe Mjj and Ky 
do not vanloh, hoiwvor, M lo perpendicular to the direction of 
and rotates about it at a frequency which lo equal to that of the 
Lanaor precession. Thlo state with ^ * pCP corresponds to equal 
populations being in each of the two energy levels so that no resul- 
tant steady toonent exiots. In the derivaticn of this Bloch aosuned 
that the mo lei are entirely free with no spin-lattice interaction. 
Since spin-lattice interaction is not zero in practice, this equal- 
ization with V^z *■ 0 at recononoe ia not a oomplotoly accurate pic- 
ture of the situation existing at that tirao* 

At the condition of mclear raagnetic woonanoe the eotaponent 
of ^ perpendicular to the direction of Hq inoreaseo rather suddenly 
in cagnltude. Thlo conrponent of M rots.tes with the angular frequency 
u), he a result, a variable flux links a pickup coil which has ito 
axis in the y-diroction. The resultant o.m.f. induced in the piclcup 
coil is passed to a receiver and esaourod. 

Tlie operation of this typo of mclear resonanoo spectrometer 

has been oummorised in the following Conner by the developers of 
22 

this technique. 



22, Bloch, F,, llanson, V.W., and Facicard, M, Phys . Roy . 70. 479 
( 19 ^*^). 



"A spherical sample is inmeraed in a field *■ cos ^Tft 

produood by a cagnst. The molear coinentB oriented by this field 
are caused to precoss by a driving field 11^^, The prccosslng nonente 
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Induoe voltaceo in a receiver coil, Theae voltacaa, >sliioh vary in 
acplitudo at a 60 cycles per osoond rate because of the variations 
in field are amplified alone 'rf-th etronesr conotant amplitude 
oignala. The leakage and the varying voltages due to prccccoin" 
nuclei are mimed in the detector, the output of which then contains 
pulsating unidirectional current, the nteady component due to leakage 
and tlw variations corresponding to tJjo desired signal. The d.c. is 
removed by blocking condeneorn in the amplifier which Increaceo the 
signal voltages to a rsajpiitude suitable for operation of the cathode 
ray tube." 

One definitely advantageous feature of this method is that it 
affords the opportunity to determine the sign of the nagnetic rjomnt 
of a nucleus. TMs method is suited also for ths study of line widths 
and shapes. 



(5) 9uper-regensrativc Method 

In the aupsr-regcmrative method of dctoctij\-» nuclear resorvances 
a super-regenerative oscillator Is used both to establish nuclear 
rosonanoa and to dotoot the induced voltago from it. Several varia- 
tions in experimental arrangements have been adopted by different 
Investigators using this rasthod. Roberts^^ has described one ouch 



25 . Roberts, A, Rev . 3cl . Innt . ir. G/^5 ( 19^*7) • 



arrangement. The apporat\io vrith which the writer obtained his 
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iBoasureiEenta vraa siciilar In basic principle to that described by 
Roberts but differed in several details , The prlnolplo of operation 
to be deaorlbed for the apparatus of this section vd.ll apply squally 
well to either arrangeiosnt* 

The general layout of the apparatus used by the writer ia exhib- 
ited schemtically In the diagrao of Figure oscillator shovm 

in the diagram with connections to a coil in which a test tubs has 
been inserted is actually placed in its entirety between the pole 
faces of the large smgnet* Thie oscillator ia of the super-regener- 
ative type and from that fact this method derives its nans. 

In the auper-regensrativc csethod the triodc of the super-regen- 
erative oscillator produces aelf-suatainod oacillations* For this, 
adequate feed-back from plate to grid is required to supply all the 
losase in the circuit. However, instead of allowing continued self- 
euetadnod oscillation, an externally generated modulating signal of 
appropriate strength called the quench -Voltage is applied cither to 
the grid or to the plate of the triode. This slmsoidal quench volt- 
age causes the overall gain of the triode to bo varied in such a v«iy 
that the self-custalned oooillation of tlio triode starts and stops 
once during eaoh quonch cycle. 

Detection of nuolear magnotio resonance is accomplished in the 
following manner. When the quench voltage varies from a value which 
prevents oscillation to one which permits it to begin, tho envelope 
of tho current in the tank olrcuit begins to increase approximately 
exponentially and, if not inhibited, would reach a saturation value 



at vdiloh feed-back energy would just eqtial losses. The oaximun 
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asflltudo of oocillation rsached tind the inue-ratod cnar^* of tha 
osolllatian -ulae arc funetlona of tho oCfeotlve <1 of th« remnant 
oireuit, the feed-back sain, and the quench asplitude and frequency* 
When the oacillator in placed between the pole facas of a 
ca^et and a aanplo containing the deeirod type of nucleun, cay 
protonOj ie pieced in the Induotanoe coll of the tuned oiroult, the 
nuclear epin axes of ths protons will preoecs in the direction of 
the "agnatic field at ths Laraar frequency* VTnen the nagnetio field 
strength is of rach value that the Larnor and the oacillator fra- 
quenolaa are the ease, tha r-f oscillation at the La.rakjr frequency 
will induce emlesion or abcorptioa of radiation by the pmtono in- 
volvlncj raoi'ientation of their riuoloar spin axes in the sagnotic 
field* rjince nt themsa.1 equilibrium in, euy, a field of 10,000 
vauaa there are In each 2,000,000 hydrogen atone some 7 noro protono 
In tile lower energy than In the higher energy nuclear spin otato, 
there will be a not absorption of r-f radiation by the protons, the 
effective resiotajice of the timed circuit will bo Incraaeed cuid there 
will be a decrease in the rata at which oeoillation buildn up* Thus 
the integrated pules will bo loco under condltlonc of rooonanoo, a 
feature of the aupor-rcganei‘ativa r/jthod v/hich rviy be detected by 
appropriate ■ ethmls to allow obcarvatlon of the iUisTo»r rrconanco* 

The quench frequenoioo eisoloyod by the writer In *nio ioacura- 
roente were of the order of 2 to 10 kilocyclea ra Ing the quencl. 
periods 100 to 5>00 micro occonde* The thermal relaxation for 

protono in water at root’ torT*oraturc has been -aacurod'^'^ and found 
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P^i, Kail-ji, E.L. ?hve . Rgy . 1^5 (19^9) 



tc bs 2,55 * 0 »C ^7 cscoirio. Thua, in tha ease of th« '.fatar sarple, 
during tha^ period of the t;uench cycls whan thg tuned circviit is 
pcrrltted to oecillate tbara will bo a veryfev; more protono raised 
to the higher onar^y level than will be lowared to the level of lea- 
ser energy. During the quenched period tlore will bs a tendency for 
therr^l equilibriuc. to be re-astabliohad a-nong nuclei, so when 00- 
cillation Is a.-Tiin initiated no re . protons ’vfill again.be alsvated 
than, lowered in energy otats. Tliio procssa gives a net absorption 
of energy frox the sruper-regensrativa oacillator for each cycle of 
the quench oscillations. It is this net absorption of energy which 
results in the Q of the circuit being lowered and the detection of 
rcsorancc by the super-rcgcnorativc cethod .bslng rads possible. 

Another .feature of this .-cthod which should be noted la t' at 
the buildup of occlllation in the super-regcnerntivo oscillator is 
exponential or faster and, if it starts fron residual noise voltage 
in the tank circuit, nay possibly cover a eignlfioant fraction or 
all of the quench cycls period vathout reaching saturation. If, 
however, when the quench cycle conr'cr.cec there is in the tun-"d cir- 
cuit on s''tornnl nignal of the sor-.c frequency, the onoillation will 
build up fx'om thia external cignal and either v/ill reach a larger 
amplitude t.'ithin the length of tine pernittad by the quench cycle, 
or else will roach oaturat.ion sooner. Although the external signal 
does not affect the rate of buildup of oscilla'ion, the integrated 
pulse energy will neve rthe loos be greater. Thia can pocaibly be of 
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importance beoeuaa of the follovrlng effect. 

At the condition of resonance the nuclear spin axes of the sample 
preceaa about the direction of the mac^.etic field with the oano fre- 
quency ao the r-f oscillation of the tuned circuit. This precession 
continues during the period vfhen the trlode oscillation io quenched. 
When the quench voltage again reaohoa a value which allowo oscillation 
to be rasumd, it ie'pesoible that an e.n.f. may bo induced in the 
oscillator coil ao a result of pereiotlng preoesalon of tho vector H 
as doocribed in the Bloch nethod. If so induced this o.m.f. td.ll 
alternate at the Larmor frequency which, at the resonance condition, 
would provide on external oi£nQ'l of tho correct frequency to cause 
oscillation to start building up iBimediatoly in the tuned circuit. 

Being started Icsscdiately in this mnner cauoce tho oscillation to 
reach a larger amplitude or perhaps to reach saturation sooner than 
would bo the case if tho oscillation wore built up from random noise. 
Thus in the event that the oscillation is built up from an induced 
e.E.f. duo to rAiclear proceesion, the integrated energy pulse of the 
oocillation will differ from that of non-resonance , 

In cither case, whether the Q of the circuit is changed at roeo- 
nanoe or v/hether the precoscing nuclei act like a signal generator in 
the tunod circuit of the oscillator, ths integrated pulse of the r-f 
oscillation vdll be different from that of the non-rccononco condition 
and thus ray bo detected and mclear reoonanco observed. It la en- 
tirely possible that both affects nsay occur sitnultansouoly in varying 
proportions under usual operating conditions. 

The spectrum of a super-regoncrative nuclear ragnetio reaoncmec 



57 



>••1 fiA «tr 






^ 0*J ^ sml^lfwVi 0*J * ‘St^^n 

)VO««CW^ *MMhl sr '‘v'^tl 4nc t-1 0 *$ •* 

*1 M«ui»« OC*K'^ t olYut 

^ •*■_ ^ ^ . < <rc^ 

‘ti (i/ .i, « ittt* ' 4 i~»o ivv ri •! o# 

•»5# *<“ ^lt«i • lr^♦•*<^r•^ ■•« *^/<**‘.'» • M wct.''/r»f‘ 

£f §^ .■^.•.^ '-r t i f»***t# •»»• ^ •» 

d^-l-‘^i*~ c *:• M *6 .«eJ ■■* ip'. a< aiM •• AiiAe i 

.K»< . o» -«ri u t^-«» an 1tr twrWf r**"- •*<* n» tJLm%i 

Mout <U v» <-.j |^.i1tlaUV 

«•* ^ aaflM^r aaBcur vlitf Ut ,Jt^ *t\Jmf 

Ttt t • Ti ^ k<«aifr»« -ft) «tf];4«l w •''L4W 

.^It^ r-iUw' .»^j •*•! it 4^ i»f^ jJlaAii cs 'Jt •#•«• a4# •# 

I -9 r% 9iL<4d *J 'T^lc«fM4«n *Jb • tft.'f t ^ *41^ 

• ) ^ .» »t»»**i* *-'/ ^(vlotii 4>i -Vi 

.«taaauc-c^r-$nh T» •— tt rm'* ’ L* ^1.*^ 

f» *,T *« lUT-ai^ ^• >r ^ Mf - « .•#§« ^T 

•* • M- * » i X. I&iii^ -I ^ .1^ 

:•? ?• . 4*4 .•tM«-'»»A| <!«• *•• •'/ 

'• •• •tj T«n if 4 -# 

• f«»r*T «*•* tJr# •V*<'*. ; *f M 4^ »xi'4 Cfi** 

04 J... :^. r ^ m.l ••• I h (/ ... I 

.ur4i ‘I f**** Pmm * tr 



T» 



detector io not a oinglo line cpcctrurs but conaioto of a control 
raaonance oi|;nal corresponding to the fundanental recomnea fre- 
quency 7^ and uftually one or core pairs of oidebands, Theoo oida- 
bonda occur at fraquoncias , given by 



in which frsquoncy of tho a,c. quench voltage and 

aesuaes tho values of succesoive a’aall intagera* Hasonai'ice abeorp- 
tion by tho sonplo ccoura and under '^roper tent oonditicnc rriy be 
detected as the sn-gnetic field passes through that strength neosa- 
*ary to produce Larmr precession of tho nuclei at the frequency 
for each of this lirited nunbor of Bldebords* 

T>*.b circuit of the ouper-regenerative oscillator used by the 
writer is shown in the diagram of Pi|;ar8 4* In this clrciilt the 
quench frequency voltage io applied tc tho grid of the oscillator 

L 

triodo. Oertain other investigators ha/e applied the quench vol- 
tage to tho plate. This laat arrangsnent of the quench voltage at 
one tine was used with tho apparatus ecployed in this work but was 
abandoned bscauss of the Idgh noise to signal ratio resulting frosa 
tbia arrangciaant. oscillator circviit of this latter type wltli 
cfuench voltage applied to the plats of the triodc ao uned by 
Roberts^^ Is shovm In Figure 



(4) Heterodyne Method 



In the heterodyne lEclhod a weakly oscillating detector is nodu- 
lated by the nuclear absorption. Ouch a weekly oocillaiing datootor 
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is called ein autodyno; in this oaoo th® signal from the autcdyn® 
beats against an incening o-w signal to produce a hatarodyne signal, 

A frequently difficult but required condition is that the oscilla- 
tion of the Rutodyna be extrenaly weal:, for in this aothod tha 
strength of the resonance signal is found to diioinish as that of 
the autodync signal increases, apparently because of satxxration of 
the nuclear absorption. This saturation evidontly results from the 
flaot that the total power idiioh can bo absorbed by n oamplo ozall 
enough to allov/ suitable hoiaogcneity of the mgnetic field is 
fairly ednuto, For h/ atons with spin X. at teraporature 7” whose 
Lornor frequency is "i) and relaxation tine , tha power which oan 
be absorbed is 

-JTr- 

For a sample of 1 c»c. of tra.tcr at 500°K t/ith at ^0 mc/aeo, P 
will be Rpproxinately 10“^ watts, 

Tha super-rogenoratlvo circuit showh in Figure 5 adapted 

for uso ae on autodyno detector if the quench voltage supply is re- 
moved and the plate voltage properly adjusted, Tha circuit shown 

In this figure would probably not be as sensitive as a ouper-regonora- 
25 

tiv# oscillator. However, inproved and nsore sensitive forna of 
this cothod have been devised, 



25 . Pound, R.V. Phyo . Rev . J2, 527 (194?). 



Iluclear ragnetic resonance niay be observed in either of two 
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irnys vhcn uains the autodyna datector. If ths output is vievred by 
an a-ta receiver the absorption curve for a liquid aanple appears 
nuch ths sane as that of tho absorption line in Figure 2 (a) . If 
f-ra detection is used, the aijpial has the form of an onomloua 
diopersion curve* This f-a effect results froa the oscillator 
being slightly detuned by nuclear resonar*ce sffecta. 
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(a) Apparatus 

Tho oxpcriEental axran2e^cnt used in conducting the tecta dea- 
crlbcd in thla report is indicated in the block diagrais of Figure 
The mgnet uaed to produce the atrong magnetic field v.ts.9 a double 
yoke type with high voltage, low current windingo and an adjuatable 
air gap. The gap width uoed in thccc experiments vrcio approxinatoly 
Pole pieces of diarcter were used in early work, but all 
neacuroments included in thio report were cade with 6 * pole pieoco 
bccauae of the better cagnetic field honogsneity obtainable with the 
larger diaretor pel* faces. The nagnet current vma supplied by an 
electronically controlled current regulator with a olookdrivc 
nechanisa operating a potentiox«stcr in the control circuit. This 
current regulator wao capable of increasing cr dscroaaing the mg- 
netic field at a rate of about 2 gauoa per minute over a field 
strength range of soae 2,000 to 10,000 gauea, Kxcopt under un- 
favorable conditions oeecing usually to stem at irregular hours 
from rapid uneven variations in the 110 volt 60 cycle a,c, power 
supplied to tho laboratory, the current regulator i-fas capable of 
naintaining the nagnet field current constant to about one part in 
thirty thouaaiid. 

The strong magnet field 11^, was nodulated by a 4^ cycles per 
second current applied to Brail field modulating coils called "evreop 
coilsj* one being clomped on each pole piece. The 45 cycle current 
for these windingo was supplied by a signal from an audio frequency 
signal gonsrator amplified by a push-pull amplifier. This snail 

45 



I 



Ul 



^ •- 



31 * 

e* 



.1 • f • 9i- O** *| 

I 

j »i«f* tMi^** Mft 

• •• Wdi <>#'•' 4 ^ *«»«^ 4iW 9r^ 

il • • tt w 4 ^ S ^tm 

* 

“ — ' -%•• •■»♦ - *at < ^ • >o«^ •ftn 

». ^ « 1 » «l»r > 4 ^^ «.*. W Wi^ 

«| ^rioa*^ m 9trm£ 

*t9 *W»T 41 •.• i 1 ^ • 't- -T 

*i^ -Tjirf^^ ' ft > « ■ 14 , laJ - ^ 

•^p «•• gfiptma ‘ • i 1' nr invii ti» i hn mii 

« •— r w*-L* «•«« 9 V • M HO^ » 4 i«*T 

• -• M .• « 

I » .• .Mft . ^nm- ^ am m9 «B.i^|lu,a UtfvwWI 

«>««« .*.> *f>» !•. US me 4 J vwvnn Ai^ 

** tl4»^ S' ft. ‘,4r4» #» sm ■ ^- jf f- iftrt~rfi t ^ ivAlnpi 

^ Hni §• • — ' V r-^ Ilft-Q »M ^<%4lftl.<ft#^iflP 

M m m mm d \fpU» 

“ f M r»* * # ^ ^ AmtI? <. g iB I . mH 

«S»* «MU* . . I ^ 

^ ^ J 1 ~ - tail*. • ISMtlt MS * 4 Ti^ 

^******^ — ^ *"■' ' • Pr «S •%*0 ftfP 

?>' 



nodulabion to tbo strong field caused the reso> 

nanoo signal to be repeated periodically at any tlr» when the rcoo-' 
nonce frequency happened to bo witliln tlie liclts corrcopondlng to the 
field range resonance elgnal t^aa observed usually on an 

oeciXlocopo with ito sweep synclxronized to the signal ^norator pro- 
ducing the 45 c.p. 8 * field stfsep aignal and was recorded by an Eator- 
llno-A-ngus recorder. 

The sanplos used in these estperlnenta were cither saturated 
solutions or concentrated acids. Approxiratsly one c.o. of the 
8 a.-plo vKvo placed in a diameter teat tube wldoh in tom was placed 
In the inductance coil of the sttpor-regenerative occillator tank cir- 
cuit. The occillator waa 00 located In the rjagnst gap t>mt tlie 
sample would occupy thnt portion of tlie field found careful toot- 
ing to be roost hoiaogcnooua. 

The tank circuit of tlie oscillator was tuned to & frequency 
Bomeid'.ore in tlw range between 1 to 10 mgaoyolcB per oacond, depending 
upon the nuclear g-faotor of the unknown, reported by molecular bean 
etrperisenters and the nagnetlo field strength desired to be used fbr 
the erperiaent. This frequency could, after once being sot by appro- 
priate choioo of fixed capacitance oondenaero, bo varied within nar- 
row lioits by means of a email variable condenser in tlw» tank circuit. 
In Roet oases the email variation, in ooeillator frequency permitted \rj 
the tuning condenaor would not cover the frequency range required for 
comparison of the reaonance frequency for the cample of undetermined 
g-foetcr witli that of the known sanple. Xhla conaideration required 
tMt a sooond set of fixod capacitance condanaera be installed in t!» 



pole face oscillator with necessary sviitchin^ arrangeraents to pernit 
rapid clianging between the t\TO frequency ranges. 

The alternating quench \'oltago applied to the grid of tho os- 
cillator triodfl tfas variously sst froa 2.0 to 9.0 icilooyoles aisi 
from 1.5 to 5.0 volte. Those and other parameters were varied both 
in attempts to locate the resonance signal and, after the signal was 
found, to obtain a o', arp, accurately reasurablo signal pattern. Other 
parameters varied for the saise purpose wsro the magnetic field modu- 
lation strength, oscillator plate voltage, and tho ooncontmtion and 
type of chemical compound used for the sample. 

The signal from the pole face oscillator wao sent through a 
narrow bond amplifier tuned to filter out all alternating current 
components exoept the 4^ cycles per second of the magnetic field 
modulation. The output of the narrow band amplifier was sent both 
to an oscilloscope and to a phaae-deteotor. Tho output of this latter 
inotrunent was in turn passed to an Extorlinc-Angus recorder. 

At resonance, corresponding to the condition 

tho amplitude of oscillation of tho super-rogonorativo oscillator 
Is altered because of the previously discusoad resonance phenomena. 
This amplitude change was observed visually on the oscilloscope tx’aoo 
and the time derivative of tliio change in amplitude of oscillation v«xo 
recorded by tho Eatorline-Anfjxs recorder from the output of the phaco 
detector. 

After resonance xms observed and operating poramotora were pro- 
perly adjusted to obtain a signal suitable for measuring, tho clock- 
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drive opcrt.ln^ th« poLentiowjter of U « r«^.et cjrr«nt 

r«~jlatoi' wua atoppeJ and t3i« field current rec?il»tor was allowed 
to salntain a oonotoiit curr'^nl to the .Te,j;not flold coils* Tl»« con- 
ter of the reaonnnoo spectra' of U»e aasrplo to be reaoured was 
aoourotely located tunin' the variable oonionsor in the pole rtoc© 
oocillator circuit and then reasurln' the oncillntor frequency usinc 
the heterodyne frt^enoy s»tor shown In figure 5» With the inaqnst 
current still mintained conotant, tv nanplo of hnown value of m- 
clear r-factor was oubotitutod for the unlur»wn In tho pole face 
oocillator anJ tJve occillator frocuancy varied until reaonanca was 
obtained for thic otondard oaraplo. With and denoting roo- 
pectlvoly the nuolear g-factora of tho nuclouo being otudied end the 
nucleus uadd for standard, end and denoting tholr fraquenoiea 
in t!;e soicc •.agnotio field, was obtained froa tho rolatlon 

Several pairo of such readings conranly were obtalnod and the average 
of their ratioo \«ia taJeen ao tho value for th.o reasurcr’ont* robable 
errors of rcnauraccnts vmro coeputed ocoording to cucto'^ry prooodurco. 

(b) .’-adulation Inprovoronte 

The sa~nctic field mdalation for the initial period of thlo 
report wan aohlovod by roans of only a single avfoop ooil clan cd on 
one polo piece. It wca wound v/ith about ?500 turns of qaurc v;iro 
and was suvvpliod with cycle volta-o (riducod t.y an audio elgnal 
goncratcr and enplifler* '•vfoep coil voltaro veto varied ordinarily 
In th<j rc.'vg® fron 20 to CO volts os nooesaar^' to obtain optlnun 
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r« 3 ontsno« ol^Tmlo* 

A£^or tho sioasurc' en‘o on Irsfiiun ^^5 W9IT0 corrnlctcd, teato wero 
rcwl« using r omll induction coll and en n.o* volisr-oter to aocertain 
whether field mdulation vma appreciably conotont over th.o region 
occupied by the eanplo In the g?ip between the pole foooo* Althoug}) 
the omll coil hod a width c(iunl to nltsoot half of tlie pole Caco 
gap, R dacroaaa in induced voltage of appro-'Jiwvtcly fifty per cent 
waa mtod when the coil ;#ao hold ogoinct the canter of the face of 
the polo piece on Wliich the owoe? coil waa munted and frora there 
sovod parallel with the rngpet axis to a poaition a/yiinat the 
opposite pole face. 

Ae a rcault of thaco taste it waa decided to icount a oinilar 
coil on the aeson! pole piece and to conotruct a jxteh— 'null enplificr 
to provide the awoap field power for botli coil*. The circuit dlagran 
of thie oaplifier la shorn in figure 6* The new coil liao ovcr*«wound 
by a few hundred tumc to allow mrgin for proper balancing of the 
two coils. After the new amplifier onl eweep coll wore inotallod 
and the Dv;eop field balaneod I7 rot»virig a certain nunber of exccoa 
turno fron the newer coll, tlio variation In voltage induced In thas 
probe coil tnxe reduced to five per cent or lece. 

(0) Konogonising of the hagnetio field 

The preparatory wort: atte.-jptod by the »/ritcr prior to railing 
any actual moacurcirents was perfomod ualng dlorator polo 
plecao. Prior to tlat it had been the cuotoE to fill the toot 
tubco with oa’^plo oolutiono to a haig^it of about two end one-half 
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inches. UtlllRli^ a ralRtlyt^V asnunt of asik^.Ie in ihla nanr^r 

ordinarily f^aro a flironp roO'inEuics o^nal, bat tl« c#ntcr af th* roBo- 
nanoo p<xtt>arn uo-aally >#n.o lao-inj In tha degeoo o* •Jiar^noaa dasired 
for netwiauQ accuracy of >«aatiros»nt» 

It appeared poonibla that lac’-; of daoirably Dher? rsooxience »in"* 
nalo E3l£;Jit be att ributable In part to in}aDno2o<«eity of th* '.aiyvatlo 
field over the veluoe occupied by tlie sah^le* Tc o.*ook this oeaurp- 
iion, teat rjc\e were tmde uolnf enallcr arounta of t!*e ae»r^.le oolutlon. 
Thia rrooedure iKtediately roduoed ehareor re»onanca pat erne. Aft^r 
a msber of teata it was aoeortoined that aeaaptable resonance ai{;;Mal 
atroi^the uonally could be obtained usin^ a depth of liquid in the tube 
rancing Cro« 1.0 to I.5 cs# Appreciably lees than thia csount for rany 
nuclldeo frequently gave an unaeelrably weak aignal. noertiona te 
thie last otatcsent were the proton and the deutercn^ both of vMch 
wore found to civa otrong eicpale froa only a few dro po of or 02^» 
respectively* 

In a Itirtbor atteiapt to ooUievo bottor field hcrorcnelty, the 
pole picc e wer» rwrlae«i by tlicre of <>" dlarotor* Thie chtuge 
also produced m taprovsnent in the ehorpnooe of the reoomnae pattern 
but carried wiU' it tl.n clifht dieadvantaso of placlae tv lower lirdt 
on tJ.o 'nxiiaan field etrongth obtalnablo* T>i4o lirltatlon waa inoon- 
vonlent upon oocaoiona but mo never fotmi to be unaooo --tably r ; ttric- 
tlvo. 

In opite of the fact that the (j" jwio picoae flav. bettor rooomnee 
pat*emo it eppearad fr^to-bly an eddlti ml te-. rave^-nt in field 

homreneity could be obtained by rearvinc a few oli^lft ^rs frao tJie 
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polo fecca, further irjveatigation into peoalble cauaco of flold 
inhor^rgnaity alao revealed that neither pole face was accoptably 
flat nor x/srs the tx;o faces sufficiently parallol< To correct all 
except the last of thssa deficiencies each polo face tvaa carefully 
ro— reachined to rxoke it as flat as possible and then was ground and 
polished by hand unir^g enory dust and jov/elor's rouge as grinding 
compounds. Those efforts eventually produced reasonably flat and 
eriooth pole faoo surfaces. 

After the pole pieces wore roinotalled a teat was H2?do to 
deternino the t»et homogeneous part of the magnetic field for cample 
occupancy. For this ohcclc a small probe oscillator was employed 
using a oanple of only aotxe five or six drops of water from which 
to obtain proton rsaonanoe. Initial results indicated that the 
magnetic field even near the center of the polo feces vo-riod ao 
roich or more than five gauss vdicn the proton probo was moved a half 
inch in practically any direction. The pattern of variation in- 
dicated hov/ever, that shirnming one side of one of the pole niocoo 
might produce beneficial results. A long process of trial and error 
shiming using thin non-:r«.gnctic shins eventually produced a field 
which varied appreciably loss than one gauso over a region suffi- 
ciently largo to accomodate the desired height of liquid in a 
dla’.oter test tube. 

The deviation of the magnetic field from tru« homogeneity both 
before and after the remedial efforto deocribed above is indicated 
in the grapVis of Figure 7» 
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(d) 'Tsaulto of In?rovea*nt,9 



The rooulta obtalrv-d fron efforts op«nt to l^ono^cnlse the rsac- 
nstio field lira wall iXlu'sti’atod by differcnooo afpocririG In the 
"bafora and after* roaonanoo al^nala traced by tlio ■'ot«rlino-Ar.f;ji« 
recorder. Tho typical •bofbro" trace of n chorp rcoonance rat tern 
appoerod an an uninterrupted o«‘ri«3 of slow owlnj;o of tho recorder 
pen in alternate dircctionss. * renounced hecitatlons In the raovc- 
txrnta of tho pen occurred in thic typo of pattern only at each oide 
llrait of tho recorder paper wlaon tho ajtrilitudo of tho rooonanoe 
oion.1 enceedod tho mr.itun ca; ability of the recorder. A typical 
pattom of thia type obtained fron Indiun^^^ ia shown in Fi(pjro C» 

In thio pattern one rij^ht ostinate that there arc three roaonance 
oijTMilo corrcopondlng to the central oifyml and one pair of oidc- 
bond roaononoes. ‘von oo, tlwre io nothing in tho pattern which can 
be olTooon ao oervin^ to eeperate the three theoretically dictinot 
resonance signaln. 

Tlic acrloB of rcoonenoe sl^yialc in this pat torn vsouid be oeen 
on Uto ooollloooopc in tho followinc sequence. Upon roaohln^ tho 
flrot rearnance band the or«.ll fluctuations of the oeoilloooopo 
caused by rardon noioc t#ould be rcolaocd by c steody buildup to a 
suatalncd peal: of lorce litudo followed "roaontly by a atoady 
decrease bo a suotainad valley of alnilar ar-’lltuile. Thio pook- 
vallcy ^wuld be twice ropoated by the ol'jjal recorded in Flcura 0. 
Tho trace on tlio oociXloccope in aovlny fron valley to peak and 
vicc-veroa would do so without eny oiryilfioant hesitation ao tho 
trace orooood the horizontal aj^io. At tlvs conclusion o'* th.'« oinnal 
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tho oaoilloooope would again display rardon noioa ofrccta. 

A difforeni resonai^oe nattern reprcocntativc of the sharp 
“after” typo is oho«n in Piyurs p. In this pattern obtained frotj 
Ohlorino^^ it r^y be seen that the central rssonance signal is 
clearly separated fron each of the two clgnale of the one sideband 
pair '-d.inh are in evidence* Thio separation appeared on the oo- 
cillo scops aa a return of randon Tioios fluctuations for a period of 
approxinfitely one and a half cinutea between the asparato reaonanoe 
oignnla. It rsay also be noticed that the width of each signal is 
narrower, a feature ouroly attrilnitablc to better field hcuac^- 
gonaity. 

Another new feature which has not yet been adequat- ly e:.r lained 
is the following phenoronon to be aeon in figure p, Cb curving the 
direction of the initial encuraiona of the recorder pen in each of 
the three ocoarato rsoonance oignals one nolicso in the riglit liand 
aignal tluit tlio first excursion io tov,urd the top of the paper; that 
of the central signal ia toward the bottom, v/hile that of the left- 
hand aignal ia again upward, Tliia alternation of direction of intial 
owinga of the r'-cordor pen io not confine I cersly to first order side- 
band o but has been noticed in all oido bond rescnancc nignala ob- 
served since the field hosjogencity was iuyroved. 

It will be recalled that tVio Zotcrlinc-Angaa recorder receives 
its input from tha auper-rsgsnerativo oscillator through ft narrow 
band asplifior and a phe.no detector. Ho conclusion has yet been 
reaciiod^why tha resonance signal aa detected by this arrango'-ent 
ohould bohn.va in the above ranner. Itudieo, hovfcvsr, ara being 
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continued try ot\ar 'eraotsTil to nttaript to cxplriin thla I'hwvmcncn. 

A dafinita oiivant«L.-a In one i^a« of roklnr frequency -«*uro- 
aents an rononanca a accrued fr>ow the woi^ on •U'.o pole pieces* 

In the older type of pa tarn ona wae forced to chotioc iixb point in 
the ^-attam repr^aentinc the center of oyimctfy* It ctn h» o«en in 
fiC-Ai'c ^ t^JS,t only JiO point iixUcatod by * entiaflcs this ooaidl— 
tion* For an ^curate r» iratant to bo obtained it v»ao cs>T- tia.l 
t«»at t^e nwlnr of the f'on ec\*03a Uie ration of t! e pap»r rear the 
X occur without or^ heeitatlon* Unfor'^anat-^iy, *»n pmettea this 
oorUltlon ie difficult V- obtutln* 

• ith tlio newer jj\anoa pat «rn in w5iich each side band ro- 
enmnoo nimal wna clearly dictinnulsijnble it wao di-jcover^d to be 
possible to shift to a ttljarp elda bend if the central r<?» -tjanoo ai^~ 
ml l4i?’<nad not to be al-urp* shifted to a aide bond to ob- 

tain fi'oqjency nmeuro"' nta one t’ren only Vxul to ap,'ly the correction 

to the obe rved side band ros^nx^'C} frarju-'^c- to obtain tho dc- 
alrod tut moboerved central ros''nor.cc f^eqt^«^J3y • Thf> rola’im 
er-lnyed fnr thlo purpose is 

In ^d'icJ /w, Uie order of t;> »ide bojid, is qiven lha ap, roprlato 
al't ’.ruic oign* 

I oaaareaents oHalned fr'n ai.l bandn w"re in no rrjimr l?so 
accurjte t'»ai. ’>.ose •■btcvln’^ fro.- the central r«8or-e~-^c sl,—'al« 

Altt OU.H; nuclei iw'ld"-* e.hlbl'-^i mr* tier two ’r . r-^ 

air of o ' to bands in a rosonaioi ‘^t ^ern, at I*-- s . ten suai> pairs 
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of Bide bandn l.ivc been oboar/cd fraquontly in. rsaonancs ni'-nc.lo 
produced by the dcirsron In the hono ’sr.ieed "aynctic field. ?ho 
upper Itroit on ^ for the dcutcron car. not be stated with accur- 
acy baGaucG, in the interest of Cconoiry of t^ree end ease of -'carura- 
Dont, efforto wore usually exerted to lialt the iiunber of side bonds 
in a pattern consistent with obtainl^ec tbc desired decree of shrrp- 
ncB3 in tri3 signal. 



57 



tl — >■ » ">* 90 ^ »i-'W 'Jl« t» 

««■ yu«flp» «p* .-I f«9T(»«*« ^ <7^ 

-^grm^ 4>.H^ «f *•» «uirr •»«»«<••» '*9 10^(M 

^ %♦•• ••*# ^ ^ m* n? ^ t^ Nr»a 

• (■■• <4i> «4l *l^tT M \lXtM^«l i fiW nJ fl*n* ,M«9 

\e> •nV^liT' •ty s9l^f5^‘* 9Sf* Jtr^ m •'I 

,Ii»«-J» «i *•»« 



TT 



IV 



cKP.miiiifrAL n 3 ult3 



The aeaaurenents to be described In this oection were obtained 
by conparins in the seune raf^netic field the reeonanso frequency of 
each unitnown vfith that of a ;tnown oacpie used as a standard* The 
□acetic looiaant of the vmlaiown seuaple was then obtained from the 
relation 



In each case the ratio (''^tai^ard / ’^proton^ obtained fror. 

recent results published by other investlcatora* The value used for 
the fj-faotor of tho proton wae 

Sp - 5*5C55<5 t 0.00012, 

obtained froa the value (2.7926C - O.OOCOi))/^^'^ 

The prolmble error indicated in each tabic for the ratio 
(**^yr£<noim/'^tandard ) oi* the intomal oonslotcnoy of 

the data. 3ince the existonoo of nystemtlc errors ao lar^o as one 
part in twenty thousand con rat bo excluded, tho probable error of 
the r«.<]7>otia conant hart been ooEpiited uoin^ tI;o systonatlo error if 
that error exceeded tho probable error of the ratio 



unJav?:^n/"*^o tend ard ) • 

The reoultn hero have rat been corrected for dianafpiotic effects 
of tl;e cxtra-moleor elcctronn nor for the nll^ht jjaranafywjtic effect 
of a "agnatic catalyst in thoao casco in whiOii It is indicated that 
such a catalyst was used. 
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(n) 

115 

The BceeviroBent of the nuolemr ragnotlc ronsnt of In ^ wn.9 
obtalnsd fjroin one c«o. of a saturated solution of In(IIO^)^ in ^Oi 
fCIChij to ^d'lloh liad been added a smll anount of KnCKOp)^ as a catalyst, 
T}ie standard used for oojrparison was ’Jc O in one o.o. of a saturated 
oolutlon of So3l^. The valtia for the iratlo 

0.24295P t 0.00005 

io that duo to Tuxiten.^^ The data partainins this jscaourorcnfc 



26 , tiaitcn, D,V, Pb/a . Rev . 76 . CO6 ( 1 ? 50 ). 



Table 1. 

Data for Indiua^^-^ 



UiicnoKn Kuo lido 


IndiuK^^^ 


"Standard Kuo lido 


Pcandiun^^ 




0.902292 t 0.00005 




C. 242959 X C.OOCCO5 




0.219202 i O.OOC 012 


Ci(In^^ 5 ) 


1.22452 t 0 . 0 C 012 




(5.50945 1 0.00015) 



are suranarized in Table !• 
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(b) Ohlorlno57 



7h« nMLBurerwnb of tho molear tao.'^r.otlo swasont of 01-^^ presented 
in Table 2 wm obtained uein;^ a aa.turo.ted solution of api roxinately 
one o«o* of LdOl to triiich liod boim added a ose.ll amou^it of Kr^l^ ao 
a -ftsnotlc catalyst. The deuteron resonance frequency used as a stand- 
ard wen obtainsd fron a one c.e* aanple cf DgO* The valuo of the ratio 



Table 2. 

Data for Ohlorino^^ 

Uricnown Kucllde Chlorine^T 

jtandord Huolide Deuteron 

0,5516;J2 1 0.000(96 

0.I:J5506 

0.0C160C7 ± 0 ,OC 0005 ^^ 
0.^56^ i 0,CXX)052 

0.685722 i 0,QOOO>*6 






Ej(oi57) 




0»l^yj06 is token as boin^ accurate to olx aicnli'lo*^^ 



fij?jtrc0 



27. ' 5 mller, D,, Yaaaitie, and Antlorcon, H»L. /hya . Rev . CO, 

157(A) (1950). 
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Th« naasurcnent. for H surrswrised in Table 5 obtained uoln" 
approid-mtoly one o«o« of concentrated IfflOj# Rb^ in a or» c.o. 
saturated oolution of RbOl wia used ae the standard • The ratio 

Kaa obtained froa rocultn by Yaaaitla <xi^ Smller in 



>dilch the ratio vaa , riven as 



,2G 



— c lO . 3 £ 7 IQS' jt o . o o oo \ , 



2C* Yeoaitis, E«, and dsaxllcr, B* Flrva« Rgv* 8^ (1951)» 



Table 5* 

jetn for Idtrogen^^ 



Unknoim Tuclide 


^ itro 


-5tandard I’uclida 


RubidiviaP-^ 




0.7AC425 1 0,000019 






0,00(5552 - O,0CC(X)01 






0,072262 ± 0.000002 






C.’tCpJl 1 0.00002 




0./|p56l 1 0.00002 
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Suring th« tim which Jses. 3 claposd since th« naaauronsnts llatad 
in jcotion -TV« were obtcljicd, another csribox’ of %ho laboratory. Dr. 

Yu Tine, ^*-0 obtained noacaronanto of the mclaar rnenctic tscEcnta 
of both 01^^ cold In the neaouraaont of 01^^ the standard used 

xiBLO 01^^ In the sane aanplo. In tlw case of was used as 

a otandord* Tho v»a contained in onrielied proportiorsc in a 

oanple supplied on loan tiy the U»I. Atonic *^norcy Oorrlcoion. The 
rcoulto tabulated in Tables 4 and 5 Includo the rocultg obtained both 
by Dr* Ting &ni tlw vrritor* In audition tlicre oro Itctad in 
Table A for the purpose of later discuaaion tlie ax:>erinBntal values 
of tlie Guadrupole noraants for the various Twclldee ag tfell as tT^i 
mclear mgnctlc nononto of and In^^5 obtaiiicd by the atordc 

beam natliod* 

It will be noticed in Table 4 that tho atonic beam valuco of 
the r.iaf7>«tic mor.er.tc ef both leotopee of Indlur'. arc lone then the 
values obtained \sy nafTvrtio recononcs mthoda* These difference a 
arc nuch too le-rge to be accounted for wltliin the pr<jbablc errors of 
the esp'»rlt.K5nto* 31rllar discrepanoioe have been noted^'^^*^^ for 



29* ?Rub, lU, and Kuaoh, P. P}r/s , Roy * (IpAp), 

^0* ■'ound, R*V. Plr^e * Hoy * 73* 1112 (ipAC)* 

51. ‘uaoh, P. Phve * Rev . 75* 5C4 (1948). 



th* Icotope* end GaTl, 
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Tabla 4 



Data on /^j* Q 



Nuclide 


U 




I 


/<’j(!'ag, Res,) /*'j(Atorlc Boan) 


Q (10-24cn2) 


op 5 


17 


18 


5/2 


0,C2D896 


-0.0795 1 


5 a. 


3157 


17 


20 


5/2 


0.685722 


-0.0621 1 


5 a. 




4p 


64 


9 / 2 . 


5.49507 5.486 a. 


1.1^14 


b. 




4? 


66 


9/2 


5.50945 5.500 a. 


1.161 


b. 




:7 


7 


1 


0.40561 


0,02 


a. 



♦Values for by ragnetic raoononcs netbod wore obtained at this 
irdstitution. 

a* {lack, J.2. Revs * l-cd » Pbr/s . 22. 6^} (1?50)» 

b. kann, A.K., and Kusch, P* Pbyg « Rev , 77, 427 (195®)* 



Table 5* 



Conparioon of Rosults vrf.th Those Obtained Claculicre 



Nuclide 


/^j: (Pag. Reo. 

from Table 4.) 


/<^ (Proctor and Yu^^) 


0l55 


(0.620896 1 0.000050)/U,^ 


(p.8211 1 0.0001) 


Cl57 


0.685722 1 0.0000^^8 


0.6855 i 0.0001 




5.49507 - 0.00020 


5.4972 1 0.0010 


In’-15 


5.50945 + 0.00615 


5.5O88 1 0.0010 


m14 


0.40561 1 0.00002 


0.40569 t O.OOCO6 


52. Proctor, 


U.G., and Yu. r'.C. Phvs. Rev. 


81, 20 (1951). 
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7oloy55 ha* Inyscti/^xtod a iTJ.'f^estion by Tovne* that partial 



55, roley, U.y, Wa . "9V . 80 , 2C8 (1950), 



dacounling of th« L and 3 veotcro In lha '^P| atato in tho applied 
DO.'; 7 !etio field of the atodo bear afparatua night affeot the hyporfins 
Interaction in ouch a way th* t the nuclear nonsnt appoaro to be 
altered, Tlia rrcults obtained by i'^oloy and hio oo-v/orhora uslnp- a 
ncn-rclativlotic one-cloctron vreve function in developing an er.pres- 
oion for tho energy perturbation of the cagnetio levolo of tho ^ 

a 

state have indicated that the effect does not quite account for the 
entire diocrepancy observed, Foley hao further pointed out that the 
ground states of such atono ac f-*lliuir, incliun and thalliuia er^ sub- 
ject to configuration interaction ssislng with cone excited stateo of 
the outer three electx'ona, which affects strongly t*.e hyp*wrflna aplit- 
tinga of the ^Pj/2 states, Tliia fact eight poselbly account for 
tho renatning diocrepancy. 

The valu -.0 of tho reoalto obtained by tho %rriter and also thooe 
by Dr, "ing as liotod in Table 5 are ssen to agree with thooe ob- 
tadned by Proctor and Y’u at 3tanford within one digit at the fourth 
oignlfioent flg\xre within tho lirdts of probable errors. Resultn 
obtainrd by other Invcotigatoro generally oon«' within liedto as 
clooe or er»llsr than this. 
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•rWf>T*-k ^ •VY«h^<«WIA 

»>Tf * C • 0 |^ C*l^«roBM-lr ^ * 

ftU IvA Ix 4 p%|^# I^««' 

Xir lA I i» *fttil|»i *1.4 .i > t nM « 

W5 tmmta^ ^*<1 ^!«^i j\^ V x^iU/ 

sIiUm xAI 

«9<l 9*i« Hr* ^*|ft»‘"«M t® Wn>Wtf^ *• *xl|X ««A 

W« #.p^ y» .. B^m */ ••• C a«f? ^ iMfil fe* . 1 ' 

«• M0 C^.4i H>S|^ t %fm^ ^ ^ l4W |p ii^< M 

m ▼ 

wXi'X-^ of4i*^'>*l 1^ %fi«ii 4rJ4ifv *»w^r? <»«^e ^1^* 

• w XftOLI* l^-~« ^i9«^*- . t^^^^**** f > ^ Uw»«*tf9 



(a) 31s«ll Theory 



The statement wao mde in 3oction I that no theory at prooent 
is oapable of predicting rAgnstic cioraento of nuclides having non-s«ro 



vrt.ich atts".pt3 to esplnin nualsar •^■agnatic E»r*nts by acjcurlng ll«.t 
tbs nuclear c’^in I in r.n odd-even or even-odd ruslran rscults frois 
the cotion of the cnc unrairad nucleon, fbe sisn of the orbital end 
spin angular ncraonta of all other nualear partlolss le aaeuiaed to bo 
sero. Tor thia node! \;c have 
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ir the odd partiolo ia a noutron* ^inco by aeouription only the 
impaired particle contributeo to the moloar spin 1, the result mat 
follow t!»t 3 « or 3 ■ — so tlmt L • I ♦ S mot liavo oitlier 
the value L «• I ^ or L •* 2 - Further, tlio parity of tlio otatc 
of the jxicleuo mat be either odd or even, but cannot bo both, oo tlwi 
orbital angular monenturi J2. of tljs unpolred nucleon mot bo cither 
J^»2+^ orj8-=l-^* ith tl«a« aoouisptiona it io poooible to 
derive the -chnidt equationa^^ in the following foraeii 
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odd proton. 
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odd neutron. 
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odd neutron. 
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the aaousptlons require that 
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the 3ehr‘J.dt 



equations tlma will yield two values for the predicted of ary 
particular nuollde. It is found in practice that nuclear magnetic 
Bomento obaerv 3 d to date will, with only a fsjw sxceptloua, lie between 
the two values yielded by these oquatione* I'hoto observed values 
which are exoop ticno fall outside of these limits only by oompara- 
tivsly srmll amounts* 
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Unfortunately, the differenoa botwaen th« two Johrldt lirlts 
Qxtendo over rartgeo coverin~ dlfforencea fron two to four moloar 
m^etona* TMo lack of precisenssa seriously litdLta the ussfulnoee 
of the theory. 

By adopting eono of the results contained in the thssry of 
closed ohello in roxolsl os projjoaod by Taysr^^ and others it is 
possible to lirnit the choice of X for the odd partis lo to only one 
valua. By this theory it ic found tlait X m S for both 01^*^ and 01^^} 
fbr and Inll5, X - 4, 

Ths two values of the molear nafyiotic wononte predicted by tlwj 
fJohrldt equations for 01^5 and 02^7^ for and and for 

toj^sthor with the observed values arc listed in Table 6* The values 
obtained by uein^ the nuclear shell theory rasulta for X with the 
appropriate 'jcbri.dt equation to obtain a singlo value for each ^ are 
indicatod by aaterloko. 

Tlie oxarr.plcs in Table 6 are too llrdted in nunber to indicate 
the proper decree of mrlt WSiich ehould bo attached to the above 
nethod of attair.ptlnT to predict values of Tlat this procedure 

leaves rxich to be desired would be aeon, however, if one wore to , 
conoidor the cases which should bo predicted most accurately. Tl>s8o 
cases consist of nuclidoo •i.'lth an even nunber of noutrono and one 
xars proton tlwm the nuitber rociutrcd to conplotB tho filling of a 
shell. It would soen in thcce casoe tV'At fairly clooo agreeicent 
should be obtained between thsory and exporinont, for the filled 
"core* of protons should be spluiricolly Byesretrio and the mafyietio 
rooent oiiould bo due only to tlia ona additional proton. Put even 
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Table 6 



Predictione of Prom Ochnldt Cquatlona cuid Shell Theory 



hticllde 


3 pin 


/»j_(3ohr5idt Podel) 
(Shell Theory) Lower Higher 


/tj^CCbscrvod) 


Diff. 

(S.m.-oas.) 


170155 


5/2 


2 0.126* 


5.79 


0.820896 


-0.695 


170157 


5/2 


2 0.126* 


5.79 


0.6C5I3E 


-0.458 




9/2 


4 2.60 


6,7T 


5.49507 


+1.29 




9/2 


4 2.60 


6,79* 


5.509^ 


+1.28 


71 , 7 * 


1 


- ~Kot Applicable- - -) 


0.40561 





* indicatoB value obtained unin^ jL fron nuclear shell theory. 



in thseo oaoes the predictions are found to bo no nore acciirate than 
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those in mny cases less favorable. 

Inii5 and two of the isotopes represented in Table 

belong to a class of isotopes having identical spins but having 
N « A - 2 differing by two, v/hers N is the number of neutrons in the 
nuclide. Frequently, paira or triplets of isotopes of this type have 
aljTSost identical ciagnetic noraanto. Examples of those are and 

Ag^^^j and Tl^®^ and Tl^^; and In^^^ and In^^5, 

This Indicates that the protono, which according to nohmidt theory 
are reeponeiblo for the magnetic moinonts of all of those even-neutron 
nuclei, do not have their arrangenont very greatly dioturbed v;hcn two 
more neutrons are added to the nucleus. and alco have 

very siailar quadrupole moraonts and isoneric levels. 
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(b) :^olation«hip3 B«tween ^j^and Q; 

For nuclei containing oloood proton aholle pluo or srJLnuo one, 
the nuclear ehell modol not only predicts the sign of the siundrupolc 
nonsnt, but if the state of this odd proton con be aocertaised fron 
the nuclear spin Wil the rsfignetlc acaent, it is noaaible to arrive 
at a fairly good value for tho quadrupole ooiaent*^® The nuclear ohcll 



5c* To«n«3, C.U., Foley, II.!'., and Low, W. 1 hva . Hcv . ’ 16 , l4lp (lj?49). 



nodel aloe Iceda to other less quantitativo conoluslono conccrrJLns 
c^admpolc nomnto. 
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Teamen ard his collaborators I-avo proposed a oicplo rs>del of 
the nucleus based on nuclear shell considerations which leads to 
tl^ proper behavior of kno\m quadrupolo ror-snta but leaves the pre- 
dictions of eonc of thoir mgnitudeo approolably in error. Thlo 
nodel is oharacterloed by the following* 

1. neutrons ani protena fit into aingle particle love la in a 
Boheite el’nllar to thooa propoaod for correlating nplna, tlmo pro- 
ducing wliat ray be called proton and neutron oho 11a. 

2. Proton and neutron sheila terii to bo oriented or polarised 
to allow mxirsun ovorlap betwson proton and neutron dlstributionfl. 

Thio »odel la stated by its originatoro to lead to tha follow- 
ing concluaiono* 

A, For on odd-proton nucleus, tbi* quadrupole roraent ia 
prirarily dcpci-idcnt on the number of protons P and can be written 
Qp 1*1 wiilch Clp la always pooitive icredlately before. 
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and alwayo nagative inaadiately after a aholl is fillad, 

D« For an odd-neutron moleus, the cragnltude of the qundmpole 
Boraent dependo on tho miabor of protons, taut Ito sign io detoriainBd 
by tho mmber of neutrons, K, being given ly (^ip(N)/ [11^(1} )(]) . In 
this e;:?raoaion Qjj((K) ia tho electric quadrupolo jnonent which would 
be produo cd If they \/ora pro tone* vory rnaurly the oar» 

function 03 Qp(H)* 

0. For odd-odd rjuoloi, egtiiaation of quadrupolo nonsnto ia more 
oojoplox and dopenia on the way in which the angular noraenta of the 
odd neutron and odd proton add* If these conenta are essentially 
parallel, tho quadmpole Korsmt ohould bo of the oot^ sign, approx- 
irately tliS aaine mgnitude aa for a sirllar odd-proton kuoIcub* If 
the neutron and proton angular KiOiMnta are not ncnentially parallel, 
tho quadrupola laoaent mgnltudo should tae considerably reduced, 

Qenerally it nay bo oaid t)mt the nuclear ahell rodol does not 
give correct values of S* This ie in contraot to the nuclear mgnotio 
ssononts, for which an appropriate admixture of otateo of one nucleon 
oan account for the mgnatlc aoaent of tho nucleus, although this 
procedure docs not appear very plauoiblo by even tho peaontly I.nown 
facts about tho nucleivc. Large quadrupole muents dorand an appre- 
ciable contribution from the protons irhioh, according to tlw slwll 
model, are In closed sheila. For this contribution to be realized, 
it appears tliat angular iroraentur '..*ould Iiavo to be oliarvd botx/cen 
the protons of the inocrplcte and of the fillad alwjllo, Thlo polar- 
isation and the large aoynratry of distribution of nucleons is not 
entirely compatible with the single-particle central field ocnoept 
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»SJ.ch forpw tho foundation of ohell thoory*^^ 

Hcno« it my bo said t?»at thero ia no wo 11 undorotood relation- 
ship betwoon /^and Q« Both ara ds pendent upon spin, end both arc 
functions of tlw ras-bar of protens and neutrons in a nuolcus# To 
date no theory has been ouooosifUl in sstabliahing any important 
rsla-tiomhlp l:t\to«n these t’.fO q’oantitios# 
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